We study the orbital and spin dynamics of charge carriers induced by non-overlapping linearly polarized light pulses in semiconductor quantum wells (QWs). It is shown that such an optical excitation with coherent pulses leads to a spin orientation of photocarriers and an electric current. The effects are caused by the interference of optical transitions driven by individual pulses. The distribution of carriers in the spin and momentum spaces depends on the QW crystallographic orientation and can be efficiently controlled by the pulse polarizations, time delay and phase shift between the pulses, as well as an external magnetic field.
Introduction. The control of quantum states in nanostructures by ultrashort light pulses is at the heart of modern solid-state optics. By applying a sequence of coherent light pulses with defined relative phases and polarizations, one can efficiently manipulate the quantum dynamics provided the excited system stays coherent for a sufficiently long time. Such a coherent control has been demonstrated for exciton population and polarization in QWs [1] [2] [3] , trions in QWs [4, 5] , excitions and charge carriers in quantum dots [6] [7] [8] , polaritons in semiconductor microcavities [9] , see also Refs. [10, 11] for recent surveys. It has been also shown that the coherent light pulses can cause a real-space shift of electronic charges in semiconductors [12, 13] . Previous research was focused on optical transitions beweet discrete levels. Here, stimulated by progress in ultrafast optical spectroscopy, we present the theoretical study of orbital and spin dynamics of free carriers in quantum wells (QWs) induced by nonoverlapping linearly-polarized light pulses. We show that the interference of optical transitions caused by individual pulses leads to a spin polarization of photoelectrons and to an electric current. The spin polarization as well as the photocurrent direction and magnitudes are determined by pulse characteristics and QW crystallographic orientation.
Model. We consider excitation of a QW by the sequence of two optical pulses which are not overlapped with each other, see Fig. 1 . The pulses are assumed to be linearly polarized and normally incident upon the structure. The electromagnetic fields of the pulses are described by the vector potentials
where e 1 and e 1 are the unit polarization vectors of the pulses, a 1 (t) and a 2 (t − t 21 ) are the pulse envelopes centered at t = 0 and t = t 21 , respectively, t 21 is the time delay between the pulses, ω is the carrier frequency tuned to the QW bandgap, and φ is the phase shift. The pulses cause direct optical transitions between the ground heavy hole hh1 and electron e1 subbands. The first pulse acting on the equilibrium electron system, where all valence-band states are occupied while conduction-band states are empty, induces the optical transitions and thereby creates an interband polarization in the QW. Such an interband polarization oscillates at optical frequencies and interferes with the interband polarization induced by the second pulse. The interference occurs provided the electron system stores the interband coherence between the light pulses. Thus, the final distribution of electrons in the conduction band is determined not only by the individual pulse absorption but also by the interference processes despite the fact that the pulses are separated in time.
We calculate the electron and hole distributions in the the momentum and spin spaces by solving the quantum kinetic equation for the density matrix [3] . In this approach, the electron system in both conduction and valence subbands is described by the density matrix
which consists of four 2 × 2 blocks. The diagonal blocks ρ cc and ρ vv represent the spin and pseudospin density matrices for the e1 and hh1 subbands, respectively. The off-diagonal blocks ρ cv and ρ vc describe correlations between the conduction-band and valence-band states. The density matrix ρ satisfies the quantum kinetic equation
where H is the Hamiltonian,
its diagonal blocks H e1 and H hh1 determine the spectra in the electron and hole subbands, V cv and V vc are the matrices of electron-photon interaction operator, and Stρ is the collision integral describing relaxation processes due to electron and hole scattering by defects, phonons, etc. In the canonical basis of the conduction-band and valence-band states with the spin projections ±1/2 and ±3/2, respectively, along the quantization axis z, the matrices of the interaction operator have the form [14] 
and
, where e is the electron charge, m 0 is the free electron mass, c is the speed of light, J is the overlap integral of the electron and hole envelope functions, and P cv = S|p x |X is the interband matrix element of the momentum operator. We assume that the duration of each optical pulse is much shorter than any relaxation time in the system and, therefore, neglect the last term in Eq. (3) in calculating the density matrix evolution within the pulse action. Between the pulses, the electron system may relax which is taken into account in the relaxation time approximation: the anisotropic parts of the conduction-band ρ cc and valence-band ρ vv density matrices decay with the electron and hole relaxation times, τ e and τ h , respectively. The off-diagonal components ρ cv and ρ vc are destroyed by any scattering process and, under quite general assumptions, decay at the rate γ = (1/τ e + 1/τ h )/2. Below we solve the quantum kinetic equation and discuss the results of calculations for different QW systems.
Coherent optical orientation. First, we consider the simple case where the electron dispersions in the e1 and hh1 subbands are parabolic and spin-degenerate
Here, k is the wave vector, m e and m h are the in-plane effective masses in the e1 and hh1 subbands, and E g is the effective bandgap in the QW. The solution of Eq. (3) to the second order in the electromagnetic field amplitude shows that the spin density matrix in the e1 subband after the pulses has the form
,
2 , E j = e j,x σ z + ie j,y I are the matrices determined by pulse polarizations (j = 1, 2), σ z is the Pauli matrix, I is the 2 × 2 unit matrix, 
) is the reduced mass, and h.c. stands for the Hermitian conjugate term. The first and second terms on the right-hand side of Eq. (7) describe the electron distribution in the e1 subband that would be created by the first and second optical pulses if they were independent, while the last term comes from interference.
The spin density matrix known, one can readily find the particle f k and spin s k distribution functions, f k = Trρ cc , s k = Tr(σρ cc )/2. For the particular case of linearly-polarized pulses with the same envelope, the distribution functions have the form
where f 0 = 4R|a(ω k − ω)| 2 is the distribution function created by incoherent pulses, a(t) ≡ a 1 (t) = a 2 (t) and α 21 is the angle between pulse polarization planes, cos α 21 = e 1 · e 2 , sin α 21 = [e 1 × e 2 ] z . Figure 2a shows the energy distribution of photoelectrons in the e1 subband immediately after the QW excitation. The curves are calculated after Eq. (8) for different angles between the pulse polarization planes. The distribution function scale is determined by the spectral width of the pulses. Besides, the function contains pronounced oscillations which originate from the pulse interference. The energy distance between the adjacent maxima is given by ∆ε = (2π /t 21 )(µ/m e ). The oscillation amplitude is proportional to cos α 21 : The oscillations are maximal for co-polarized pulses and vanish for cross-polarized pulses.
More interestingly, the interference of optical transitions leads to the spin orientation of electrons along the z axis despite the fact that both light pulses carry no angular momentum and an optical orientation by any individual pulse does not occur [2] . The efficiency of such a coherent optical orientation can be high provided the interband decoherence is slow enough. Figure 2b shows the energy distribution of the spin component S z in the e1 subband calculated after Eq. (9) for different angles α 21 . The spin polarization oscillates as a function of the electron energy with the same frequency as does the electron density. The degree of spin polarization reaches a maximum for cross-polarized pulses, the polarization has the opposite signs for positive and negative α 21 angles and vanishes for co-polarized light pulses.
Being caused by quantum interference, both the population oscillations and spin orientation are highly sensitive to the pulse phase shift ϕ 21 and the time delay t 21 . The latter can be used in experiments to study the electron interband coherence and dephasing.
Magnetic field effect. Now, we analyze the influence of an external magnetic field B on the coherent optical orientation. Generally, the magnetic field leads to the cyclotron motion of charge carriers and Zeeman splitting of the spin states. With allowance for the both effects, the effective Hamiltonians H e1 and H hh1 are given by
where p is the momentum operator, A B is the vector potential corresponding to the magnetic field B, Ω e and Ω h are the Larmor frequencies corresponding to the e1 and hh1 subband spin splitting, respectively, Ω e,α = (µ 0 / )g αβ and g (hh1) αβ are the effective g-factor tensors.
We assume that the magnetic field is weak enough and threat it quasi-classically. We also consider that the cyclotron and Larmor frequencies are small compared to the inverse pulse duration and, therefore, neglect the magnetic field influence on the optical transitions. Between the pulses the time evolution of the interband component of the density matrix is described by the equation
where v e = k/m e and v h = − k/m h . Equation (11) can be derived by considering the Wigner quasiprobability distribution [15] . It is similar to the kinetic equation for the intraband spin density matrix. For the case under study, where ρ cv is spatial homogenous and independent of the wave vector direction, the first and second terms on the right-hand side of Eq. (11) vanish and only the Larmor precession affects the spin dynamics.
The calculation of the quantum kinetic equation shows that the spin density matrix of photoelectrons immediately after the light pulses has the form
If both Ω e and Ω h are parallel to the QW normal z, which is usually realized by applying the out-of-plane magnetic field, the magnetic field introduces the phase shift (Ω e − Ω h )t 21 . In this case, the particle and spin distribution functions are described by Eqs. (8)- (9) For arbitrary direction of the magnetic field, the spin distribution induced by two identical co-polarized pulses is given by 
whereΩ h is the vector obtained from Ω h by rotating around the z axis by the π − 2α, with α = arctan e y /e x being the angle between the polarization vector e and the x axis, i.e.,Ω x = −Ω x cos 2α + Ω y sin 2α,Ω y = −Ω x sin 2α − Ω y cos 2α, andΩ z = Ω z . Generally, the spin orientation is not colinear to the vector Ω e and, therefore, will precess around Ω e after the pulses. Such a polarization can considerably exceed the equilibrium thermal polarization of electrons in the magnetic field.
Effect of spin-orbit interaction. Equations (12) and (13) obtained for the Zeeman splitting caused by an external magnetic field are also valid for the spin splitting of the e1 and hh1 subbands induced by Rashba/Dresselhaus spin-orbit coupling. It indicates that the optical orientation by co-polarized pulses can occur in QWs even in the absence of external magnetic field. Similar effect for a single-pulse excitation with linearly polarized radiation was considered in Refs. [16, 17] . In the case of spin-orbit splitting, the effective Larmor frequencies Ω e and Ω h depend on the wave vector k and are odd functions of k [18] . The particular form of Ω e (k) and Ω h (k) is determined by the QW crystallographic orientation and structure design. Immediately after the excitation with co-polarized light pulses, the spin distribution in the k space is given by Eq. (13) contains both odd-in-k and even-in-k terms. Therefore, the average spin polarization of the electron gas is nonzero. After the pulses, the electron spin dynamics in the effective magnetic field is described by the equation
where the the angular brackets denote averaging over the directions of k. Equation (14) follows from Eq. (3) and is valid in the approximation of elastic electron scattering for the times shorter than the energy relaxation time. The time evolution of the total electron spin S(t) = k s k (t) after the pulses (t > t 21 ) can be calculated by solving Eq. (14) with the initial condition Eq. (13). The dependence S(t) is determined by particular form of spin-orbit interaction.
As an example, we elaborate this effect for a QW with the (001) crystallographic orientation. In such structures the effective magnetic fields in both e1 and hh1 subbands lie in the QW plane and, microscopically, can be caused by bulk inversion asymmetry (Dresselhaus effect) or structure inversion asymmetry (Rashba effect) [18] . The symmetry analysis shows that the optical orientation by co-polarized pulses may occur in structures of the C 2v point group (asymmetric QWs) and is forbidden in systems of the D 2d group (symmetric QWs) and C ∞v group (uniaxial approximation). Therefore, to obtain such an optical orientation one should take into account both Rashba and Dresselhaus contributions to the spin-orbit splitting. We assume for simplicity that the spin-orbit splitting of the e1 subband is determined by the Rashba term Ω e = 2β e / (k y , −k y , 0) while the splitting of the hh1 subbband is given by the Dresselhaus term Ω h = 2β h / (k x , k y , 0) [19, 20] , where x [100], y [010] and z [001] are the cubic axes. In this particular case, the value of spin-orbit splitting Ω e is independent of the wave vector direction, which enables analytical solution of Eq. (14) [21, 22] . The straightforward calculation shows that the time dependence of the total electron spin at t > t 21 has the form where ν = (2β e k/ ) 2 − 1/(4τ 2 e ). Figure 3 shows the time dependence of the total spin polarization P z (t) = 2S z (t)/ k f k generated by two co-polarized pulses. The curves are plotted after Eq. (15) for different scattering times τ e = τ h = 1/γ. Just after the second pulse arrives (t = t 21 ), the electron gas gains a small spin polarization caused by the interference of the optical transitions induced by the pulses. This polarization is described by the first term in the right-hand side of Eq. (13) and is proportional to the product Ω e × Ω h . Besides the average spin polarization, the pulses create an asymmetric contribution to the spin distribution function S k given by the last two terms in Eq. (13) . The subsequent kinetics of the asymmetric spin distribution in the effective magnetic field leads to an additional contribution to S z giving rise to an increase in the net spin polarization, see Fig. 3 . At even larger times, the spin polarization monotonously decays or exhibits damping oscillations at the frequency Ω e depending on the ratio between the spin precession frequency Ω e and the electron collision rate 1/τ e , cf. solid and dashed curves in Fig. 3 .
Photogalvanic effect. The k-linear spin-orbit splitting of the electron or hole subbands can lead to the generation of a photocurrent which is sensitive to the radiation helicity and reverses its direction upon switching the circular polarization sign. Microscopically, the current is caused by an asymmetric distribution of photoexited carriers in the momentum space due spin-dependent selection rules for optical transitions. Such photogalvanic effects in QW structures are actively studied both experimentally and theoretically, see recent surveys [23] [24] [25] . Below we demonstrate that the photocurrent can be excited by two coherent linearly polarized pulses.
At the normal incidence of radiation, the photogalvanic effect is allowed in QWs of sufficiently low spatial symmetry only [26] , where the effective magnetic field has an out-of-plane component. We consider the effect for symmetric QWs with the (110) crystallographic orientation. In such structures, the spin-orbit splittings of the e1 and hh1 subbands have the form Ω e = 2β e / (0, 0, k x ′ ) and given by
where s = ±1/2 is electron spin projection onto the z ′ axis, v s,x ′ = k x ′ /m e +2sβ e / is the spin-dependent electron velocity, f k,s is the distribution function in the spin subbands, ε k,s = 2 k 2 /(2m e ) + 2sβ e k x ′ is the electron energy. To the first order in the spin-orbit splitting, the photocurrent distribution just after the light pulses has the form
where s z ′ (ε) is the energy distribution of electron spin calculated neglecting the spin-orbit splitting, see Eq. (9). The total photocurrent in the electron subband is given by
where
s z ′ (ε)dε is the total spin density. Figure 4a shows the energy distribution of the current density j x ′ (ε) excited in the (110)-grown QWs by crosspolarized light pulses. Similarly to the energy distribution of electron spin, it exhibits an oscillating behavior. The energy profile of the current density depends on the pulse characteristics. The total current in the e1 subband as a function of the time delay between the pulses in shown in Fig. 3b . Being caused by the quantum interference, the photocurrent is highly sensitive to the phase shift Φ k = ω k t 21 − ϕ 21 . Therefore the change in the delay time t 21 between the pulses by δt 21 ∼ π/ω ∼ 1 fs, for the actual parameters, reverses the current direction. Besides the electric current in the e1 subband, the two-pulse optical excitation creates an asymmetric distribution of holes and a photocurrent in the hh1 subband as well. In our model, the electron and hole contributions to the total electric current immediately after the optical excitation are equal in strength and opposite in direction. However, due to different momentum relaxation times of electrons and holes, the current contributions decay at different rates giving rise to a total electric current, which is detected in conventional electric measurements. The time-resolved experimental study of the photogalvanic effect enables one to discriminate the electron and hole contributions to the electric current and extract the momentum relaxation times.
To summarize, we have presented the microscopic theory of the optical orientation and photogalvanic effect in quantum wells induced by coherent linearly polarized pulses. The effects can be used to study the interband coherence and the kinetics of charge carriers by optical and electric means.
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